Background
==========

Drug abuse and addiction has become a major public health problem that impacts all societies \[[@b1-medscimonitbasicres-21-53]\]. Heroin, which remains the top drug of concern, affects the central nervous system by rapidly penetrating the blood-brain barrier. It changes neurotransmitters; depresses nerve transmission in sensory pathways of the spinal cord and brain that signal pain; and deregulates the level of MDM2, which leads to the brain edema, neuron loss, and other effects \[[@b2-medscimonitbasicres-21-53]--[@b5-medscimonitbasicres-21-53]\]. Oliveira et al. indicated that the activity of PC-12 cells decreases with increasing doses of heroin used. A previous study has also shown that heroin helps release the cysteinyl aspartate protease-dependent mitochondrial pathway and induces cortical neuronal apoptosis. Therefore, cell apoptosis is a focus in the study of heroin and neuronal function loss \[[@b6-medscimonitbasicres-21-53],[@b7-medscimonitbasicres-21-53]\].

Heroin is reported to cause spongiform leukoencephalopathy (SLE) in heroin addicts and it damages many parts of brain tissues, especially the cerebellum. The typical clinical symptoms of cerebellar injury by heroin inhalation are ataxia, dysmetria, and dysarthria \[[@b8-medscimonitbasicres-21-53],[@b9-medscimonitbasicres-21-53]\]. However, the precise mechanism of cerebellar neuronal death induced by heroin remains unclear. Neuron cell culture *in vitro* has been regarded as an ideal experimental model in which cell morphology and biochemical changes can be directly observed. Cerebellar granule neurons (cerebellar granule neurons, CGC) are the most commonly used model in the research of neuron apoptosis, of which the purity can reach more than 90% \[[@b10-medscimonitbasicres-21-53],[@b11-medscimonitbasicres-21-53]\].

There are 2 major pathways to activate apoptosis: the "Extrinsic" and the "Intrinsic" pathway. The extrinsic pathway usually begins outside a cell, when conditions in the extracellular environment determine that a cell must die (e.g., FAS and TNF-R). The intrinsic apoptosis pathway begins when an injury occurs within the cell and is determined by interactions between 3 factions of the Bcl-2 protein family \[[@b12-medscimonitbasicres-21-53]\]. Studies indicate that JNK is an important mediator of the neurotoxic effects of heroin; therefore, we believe that inhibiting JNK activity may prevent cell apoptosis \[[@b13-medscimonitbasicres-21-53],[@b14-medscimonitbasicres-21-53]\]. Cytc, a water-soluble protein locate in the mitochondrial outer membrane lacuna, plays a vital role in the process of cell apoptosis \][@b19-medscimonitbasicres-21-53]\]. CytC releases into the cytoplasm from mitochondria, which can activate ammonia acyl aspartic enzyme-induced neuronal apoptosis under hypoxic conditions \[[@b20-medscimonitbasicres-21-53]\]. Mitochondrial structure and function undergoes a significant change includes respiratory electron transport chain interruption, energy synthesis blockage, the mitochondrial membrane potential declination; it releases the proapoptotic factors which leads to cell apoptosis \[[@b21-medscimonitbasicres-21-53]\]. ATF3 also plays a vital role in the signaling of neuron apoptosis \[[@b22-medscimonitbasicres-21-53]\] and is equipped with leucine zipper structure transcription factors in the ATF/CREB family. ATF3 transcription factor contains ATF2 and c-jun potential binding sites which can be phosphorylated and activated by the JNK/SPAK pathway, and ATF2 and c-jun over-expression increases the activity of ATF3 promoter in the process of instantaneous transfection \[[@b23-medscimonitbasicres-21-53]--[@b25-medscimonitbasicres-21-53]\]. In the present study, there was no evidence showing that ATF3 and CytC are involved in the processes of the JNK/c-Jun pathway and heroin-induced CGC apoptosis.

In the present study, we found that the level of Cytc and ATF3 mRNA was up-regulated under heroin treatment, and also found that up-regulated Cytc and ATF3mRNA activated the cell apoptosis. However, the levels of Cytc and ATF3 mRNA expression are reduced by inhibiting JNK pathways. It indicated that Cytc and ATF3 have a critical role in the JNK pathways in this apoptotic process. The present study proves that Cytc and ATF3 played a vital part in the process of heroin-induced CGC apoptosis and that they are also involved in the activation of the JNK pathway in mitochondrial pathways.

Material and Methods
====================

Cell culture
------------

Cerebellar granule cells were isolated as described above \[[@b14-medscimonitbasicres-21-53]\]: CGCs were derived from 7-day-old Sprague-Dawley rat pups. Neurons were dissociated from freshly dissected cerebella by mechanical disruption in the presence of 0.125% trypsin and DNaseI (100 ul/ml) and then seeded at a density of 4×10^6^ cells/ml in Dulbecco's modified Eagle's medium/nutrient mixture F-12 ham's containing 10% fetal bovine serum and Arc-C (sigma) at concentrations to inhibit glial cell growth inoculated into 6-well plates and a small dish. The fluid was later switched to Neurobasal containing 2% B27 and changed half of the fluid every 48 h. For the administration of inhibitors, after 7 days *in vitro* (DIV7), CGCs were incubated in the presence of the following reagents: heroin (Sigma-Aldrich, St. Louis, MO, USA), and SP600125(Sigma-Aldrich). Cells that did not receive drugs received a control vehicle. To avoid toxicity, the final concentration of DMSO remained \<0.1%.

Immunofluorescence
------------------

Removing the culture medium at 5 days, neurons were washed 3 times (5 min/time) by 0.01 mol/l PBS, then moved into 4% paraformaldehyde container for 40 min, again washed by PBS 2 times (5 min/time) and later sealed in serum albumin antibody dilution 1:200 β-tubulin III for a night at 4°C. The next day, it was placed in a greenhouse for 40 min, washed with PBS 3 times (5 min/time), added FITC, waited for 40 min and washed with PBS for another 3 times, adding DAIP for 10 min, and washed again by PBS for 3 times. At the end, we conducted the purity identification of the neurons: we selected 5 samples and counted the numbers of positive cells. When the positive cells were greater than 90%, they were selected to do the follow-up experiments.

At the 7th day, when nerve cells were differentiated by maturation, 10 μg/mL, 40 μg/mL, 80 μg/mL, and 120 μg/mL concentrations of heroin were separately added into the container for 24 h. We kept adding 120 ug/ml heroin and 10 umol /L SP600125 and observing their intervention effect. After PBS clearance, we collected 2×10^5^\~5×10^5^ cells. We mixed 100 ul binding buffer suspension cells with 5 ul Annexin V-FITC and 5 ul propidium iodide, incubated them in the dark at room temperature for 15 min, then mixed with 400 ul Binding Buffer, examined the flow cytometry within 1 h, observing the morphological changes of the cells and examined the cell apoptosis.

RT-PCR Reverse transcription-PCR
--------------------------------

RNA isolation was performed as described \[[@b26-medscimonitbasicres-21-53]\], total RNA (2 μg) was incubated with RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo company). P-c-jun: primer upstream: 5′GAGTCTCAGGAGCGGATCAA3′, downstream: 5′ CTGTTCCCTGAGCATGTTGG 3′. cytc primer upstream: 5′gGATTGACCAGGAAGCTGCAG3′, downstream: 5′CCACCAAAATCTCCTGCGTT 3′; ATF3 primer upstream: 5′GAGCGAAGACTGGAGCAA3′, downstream: 5′CTCTGCTAGCTCTGCAATC3′. β-actin: primer upstream: 5′CAACTGGGAGATATGGAGAAG3′, downstream: 5′ TCTTCCTTCTGATCCTGTCAG3, (Invitrogen design synthesis). P-c-jun annealing temperature of 55°C, Cytc annealing temperature is 58°C, ATF3 annealing temperature of 54.2°C, 35 cycles, through the RT-PCR Kit (Thermo company) to detect related RNA.

Statistical analysis
--------------------

All parameters determined in this study represent the mean standard error. The groups were compared using Student's t-test with control values. The significance is indicated as follows: \* P\<0.05 and \*\* P\<0.01. The results were analyzed by SPSS17.0 statistical software.

Results
=======

Immunofluorescence
------------------

On Day 5, DIV5 cells were examined and identified by laser confocal: β-tubulin expressed in cerebellar granule cell cytoplasm (CGCs), blue showed DAPI staining nuclei that can excite the nucleus ([Figure 1A](#f1-medscimonitbasicres-21-53){ref-type="fig"}), the second antibody with fluorescence-excited cytoplasm was green ([Figure 1B](#f1-medscimonitbasicres-21-53){ref-type="fig"}). [Figure 1C](#f1-medscimonitbasicres-21-53){ref-type="fig"} shows synthesis results for the morphological structure of integral CGCs. The purity of cultured cerebellar granule cells was more than 90% and can be used for further experiments.

Heroin induces apoptosis of CGCs
--------------------------------

To investigate the effect of heroin, CGCs were cultured for 7 days *in vitro*. The mature neurons were then shifted to media containing 10 ug/ml (b), 40 ug/ml (c), 80 ug/ml (d), and 120 ug/ml (e) heroin for 24 h. In the medium without heroin, the neurons were healthy ([Figure 2A](#f2-medscimonitbasicres-21-53){ref-type="fig"}). Within 24 h of switching to 10 ug/ml heroin-containing media, neurons underwent apoptosis and the apoptotic rate was higher than in the control group ([Figure 2B](#f2-medscimonitbasicres-21-53){ref-type="fig"}). In 40-ug/ml heroin media, cell volume was shrunken ([Figure 2C](#f2-medscimonitbasicres-21-53){ref-type="fig"}). With a dose of 80 ug/ml heroin, most of the CGCs were undergoing apoptosis ([Figure 2D](#f2-medscimonitbasicres-21-53){ref-type="fig"}). However, more than 50% of cells were shrunken in 120 ug/ml heroin media with the disappearances of grid structures ([Figure 2E](#f2-medscimonitbasicres-21-53){ref-type="fig"}). The morphological changes accompanying death of granule neurons are the characteristics of cells undergoing apoptosis.

Detection of the apoptosis rates in CGCs
----------------------------------------

To define experimental conditions of moderate neurotoxicity, we performed a dose-response analysis of cell viability following flow cytometry: After 24 h, neuronal cells remained normal in the no-heroin medium ([Figure 3A](#f3-medscimonitbasicres-21-53){ref-type="fig"}). Apoptosis rates reached 5.23% with 10 ug/ml heroin concentration ([Figure 3B](#f3-medscimonitbasicres-21-53){ref-type="fig"}) and 11.5% in 40 ug/ml heroin medium ([Figure 3C](#f3-medscimonitbasicres-21-53){ref-type="fig"}). However, the average apoptosis rates were 46.3% and 57% in 80 ug/mL and 120 ug/mL heroin concentrations, respectively ([Figure 3D, 3E](#f3-medscimonitbasicres-21-53){ref-type="fig"}), and the model groups were significantly different compared with the control group (\*\* P\<0.01). We proved that these cells were undergoing apoptosis. With these criteria, the results consistently demonstrated that heroin in our model system triggered CGC apoptosis. Heroin-induced CGC apoptosis rates were almost the same as morphological changes, which indicated that the apoptosis rates rapidly increased when the concentration of heroin increased.

JNK pathway is involved in heroin-induced CGC apoptosis
-------------------------------------------------------

The present study showed that the JNK pathway is involved in the apoptosis process. It also indicated that the JNK/c-Jun pathway cascade was activated and amplified, leading to heroin-induced neuron apoptosis \[[@b14-medscimonitbasicres-21-53],[@b27-medscimonitbasicres-21-53]\]. The rates of cell apoptosis were described by flow cytometry. We used 3 groups in our study: NM (control group), H (120 ug/ml heroin group), and H + S (120 ug/ml heroin + SP600125 inhibitor group). The results are shown in [Figure 4](#f4-medscimonitbasicres-21-53){ref-type="fig"}, and indicate that the apoptosis rates in Group H were significantly higher than in group H+S (\* p\<0.05). The result suggests that the JNK pathway is involved in heroin-induced apoptosis.

Cytc and ATF3 mRNA is up-regulated under heroin treatment in CGCs
-----------------------------------------------------------------

We wondered whether ATF3 and Cytc were closely related with heroin-induced apoptosis and how C-jun acted as a target gene in the JNK pathway. Therefore, we studied the mechanism by which Cytc and ATF3 are regulated under heroin intoxication through JNK pathway. We started with observing the expression level of p-c-jun, cytc, and ATF3 mRNA in different concentrations of heroin. As shown in [Figure 5A](#f5-medscimonitbasicres-21-53){ref-type="fig"}, we found that expression levels of p-c-jun, cytc and ATF3 mRNA began to up-regulate with increasing concentrations of heroin medium (10 ug/ml, 40 ug/ml, 80 ug/ml, 100 ug/ml, and 120 ug/ml). In this process, the β-actin gene acted as an internal reference. By reverse transcription polymerase chain reaction (RT-PCR) detection, we compared the results with the control group, and found that the expression level of P-c-jun mRNA reached a peak at a heroin concentration of 120 ug/ml ([Figure 5A2](#f5-medscimonitbasicres-21-53){ref-type="fig"}). The expression level of Cytc mRNA was far higher compared to the control group without heroin ([Figure 5A3](#f5-medscimonitbasicres-21-53){ref-type="fig"}), and the expression level of ATF3 mRNA was also increased dramatically ([Figure 5A4](#f5-medscimonitbasicres-21-53){ref-type="fig"}). The same result applies to the effect of the Western blotting. P-c-jun, cytc and ATF3 protein expression levels began to up-regulate with increasing doses of heroin (10 ug/ml, 40 ug/ml, 80 ug/ml, 100 ug/ml and 120 ug/ml) ([Figure 5B](#f5-medscimonitbasicres-21-53){ref-type="fig"}). It was shown that P-c-jun, Cytc and ATF3 factors involved in the process of neuronal apoptosis by heroin when P-c-jun, cytc and ATF3 mRNA and protein level were shown dose-denpendent with heroin. Then, we observed the expression level of p-c-jun, cytc and ATF3 mRNA in H group (120 ug/ml heroin), H+S group (120 ug/ml heroin +10 uM SP600125) and NM group(control group) with medium. As shown in [Figure 5C](#f5-medscimonitbasicres-21-53){ref-type="fig"}, we found that expression levels of p-c-jun, cytc and ATF3 mRNA reduced obviously in H+S group through ordinary polymerase chain reaction(PCR) detecting ([Figure 5C1](#f5-medscimonitbasicres-21-53){ref-type="fig"}). By reverse transcription polymerase chain reaction (RT-PCR) detection, The results compared with the H group, expression level of P-c-jun mRNA was reaching a lower peak in 120 ug/ml heroin and 10 uM SP600125 (H+S group) ([Figure 5C2](#f5-medscimonitbasicres-21-53){ref-type="fig"}), expression level of Cytc mRNA was decreased compared to H group ([Figure 5C3](#f5-medscimonitbasicres-21-53){ref-type="fig"}), expression level of ATF3 mRNA was also decreased dramatically ([Figure 5C4](#f5-medscimonitbasicres-21-53){ref-type="fig"}). Meanwhile, P-c-jun, cytc and ATF3 protein expression levels were similarity to their mRNA expression in three groups (NM group, H group and H+S group) by western blotting detected ([Figure 5D1](#f5-medscimonitbasicres-21-53){ref-type="fig"}). We also found the expression level of P-c-jun, cytc and ATF3 protein were decreased obviously in H+S group compared with H group (\*P\<0.05) ([Figure 5D2--D4](#f5-medscimonitbasicres-21-53){ref-type="fig"}\]. With applying of JNK pathway inhibitor SP600125, P-c-jun, Cytc and ATF3 mRNA and protein expression levels had downward trend compared the single factor of heroin (120 ug/ml) which intervened in CGNs ([Figure 5C, D1](#f5-medscimonitbasicres-21-53){ref-type="fig"}). The expression levels of P-c-jun, Cytc and ATF3 mRNA and proteins were significantly decreased which also indicated Cytc and ATF3 played a vital role in promoting apoptosis as C-jun candidate genes through JNK pathway. All these datas indicated that P-c-jun, Cytc and ATF3 factors were involved in the process of heroin-induced CGN apoptosis.

Discussion
==========

Apoptosis is a complex process in which eukaryotic cells receive stimuli. Its genetic mechanisms start to activate and release the DNA endogenous endonucleases, which causes the cell death. Heroin can induce apoptosis of many kinds of cells, especially neurons. However, no significant work has been done in this filed. In the present study we try to take a further step in looking into the relationship between different dosages of heroin and cell apoptosis. We found that more cells experienced apoptosis at higher dosages of heroin, and the apoptosis rates reached a peak. We also found that the JNK pathway has a role in the process of heroin-induced neuronal apoptosis. Cytc and ATF3 mRNA had an obvious upward trend with increasing dosage of heroin, while both of expression levels can be reduced by JNK/c-jun inhibitor SP600125 ([Figure 5A](#f5-medscimonitbasicres-21-53){ref-type="fig"}). This study proves that Cytc and ATF3 are involved in the process of heroin-induced neuronal apoptosis as the candidate target genes of the JNK signaling pathway. The results provide a platform for further study on the mechanism of by which heroin induces neuronal apoptosis.

Heroin induces apoptosis through release of cytochrome, activates caspase-3, and changes the Bax/Bcl-2 ratio in cortical neurons and CGCs \[[@b29-medscimonitbasicres-21-53]\]. During the apoptosis, CytC is a soluble protein loosely bound to the outer face of the inner mitochondrial membrane, and its release is associated with an interruption of the normal electron flow at the complex III site of the respiratory chain, which can divert electron transfer to the generation of superoxide \[[@b20-medscimonitbasicres-21-53]\]. ROS is a main element of mitochondrial dysfunction-induced cell death, and heroin can directly induce cells to produce ROS oxidative stress reactions in neuronal cells \[[@b30-medscimonitbasicres-21-53],[@b31-medscimonitbasicres-21-53]\]. Cytc has a close relationship with the process of cell apoptosis under pathological conditions. We also found expression of ATF3, a member of the ATF subfamily of basic leucine zipper (B-ZIP) \[[@b32-medscimonitbasicres-21-53]\]. It is a highly versatile stress sensor for a wide range of conditions including hypoxia, malnutrition, oxidative stresses, ER stresses, and various genotoxic stresses, as well as inflammatory reactions. Francis et al. \[[@b33-medscimonitbasicres-21-53]\] found that ATF3 has dual functions in promoting either call death or cell survival in different conditions \[[@b34-medscimonitbasicres-21-53]\]. However, the role of ATF3 in JNK signaling pathway inhibition of cell death is unclear \[[@b35-medscimonitbasicres-21-53]\].

Generally, ATF3 is expressed at low levels in normal cells, but can be rapidly induced in response to diverse stress signals and is probably involved in controlling a wide variety of cellular activities. ATF3 and cell apoptosis are closely related. Studies show that ATF3 can either promote cell apoptosis or protect cells from damage. A growing number of studies suggest that ATF3 is an essential element in cell apoptosis, transcriptional regulation, and tumor formation. Controversy remains about the role of ATF3 in cell apoptosis. Thus, to study ATF3 in heroin-induced apoptosis and its expression in the JNK signaling pathway is essential.

There are different views on whether heroin-induced neuronal apoptosis can activate the related receptors (e.g., opioid receptors and glutamate receptors). Therefore, in-depth research on heroin-induced apoptosis mechanisms is needed. We hypothesize from our study that heroin may interact with apoptosis factors to form complexes that can activate the intrinsic pathway of apoptosis.

Conclusions
===========

The present study shows the JNK/c-Jun pathway as a critical cascade, and CYTC and ATF3 are the candidate targets in the process of heroin-induced neuronal apoptosis. Therefore, inhibition of the JNK/c-Jun pathway and reducing the candidate target gene ATF3/Cytc activity may provide a new and effective strategy to treat heroin addiction and heroin-induced SLE.
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![*In vitro* culture cerebellar granule cells after five days, By laser confocal detection and identification Neuronal cell (×400), DAPI nuclear staining is blue (**A**), β-tubulin III Cytoplasmic staining is green (**B**); A+B was condition of merge (**C**).](medscimonitbasicres-21-53-g001){#f1-medscimonitbasicres-21-53}

![Cerebellar granule cells die when maintained in different of heroin (×200). DIV7 CGNs were then switched to medium containing 10 ug/ml, 40 ug/ml 80 ug/ml, 120 ug/ml heroin. Phase-contrast micrographs show neurons maintained in 10 ug/ml (**B**), 40 ug/ml (**C**), 80 ug/ml (**D**), 120 ug/ml (**E**) heroin for 24. Control cells (**A**) were maintained for 24 h in heroin-free medium. The percentages of death neurons under the treatments indicated were quantified (**F**). Scale bar=10 um. Data represent the means ±SEM of five independent experiments. \* p\<0.05,\*\* p\<0.01.](medscimonitbasicres-21-53-g002){#f2-medscimonitbasicres-21-53}

![Crebellar granule cells apoptosis when maintained in different of heroin. DIV7 CGNs were then switched to medium containing 10 ug/ml (**B**), 40 ug/ml (**C**), 80 ug/ml (**D**), 120 ug/ml (**E**) heroin. Flow cytometry show neurons apoptosis maintained in different of heroin dosage for 24h. Control cells (**A**) were maintained for 24 h in heroin-free medium. The percentages of neurons apoptosis under the treatments indicated were quantified (**F**). Scale bar=10 um. Data represent the means ±SEM of three independent experiments. \* p\<0.05,\*\* p\<0.01.](medscimonitbasicres-21-53-g003){#f3-medscimonitbasicres-21-53}

![Cerebellar granule cells apoptosis when maintained in 120 ug/ml heroin (H) and SP600125+120ug/ml heroin (H+S). DIV7 CGNs were then switched to medium containing 120 ug/ml heroin (**B**), SP600125 +120 ug/ml heroin (**C**). Flow cytometry show neurons apoptosis maintained in 120ug/ml heroin and SP600125 +120 ug/ml heroin for 24 h. Control cells (**A**) were maintained for 24 h in normal medium. The percentages of neurons apoptosis under the treatments indicated were quantified (**D**). Scale bar=10 um. Data represent the means ±SEM of three independent experiments.\*p \<0.05.](medscimonitbasicres-21-53-g004){#f4-medscimonitbasicres-21-53}

![JNK/c-Jun pathway regulates Cytc and ATF3 induction in heroin-induced neuronal apoptosis. (**A**) DIV7 CGNs were placed in media with or without different dosage of heroin for 24 h (a=normal medium, b=10 ug/ml, c=40 ug/ml, d=80 ug/ml, e=120 ug/ml), then neurons were assessed by PCR using the indicated the adopt of p-c-jun, cytc, ATF3 and β-actin primer (**A1**) and RT-PCR using the p-c-jun, cytc, ATF3 and β-actin were quantified (**A2--A4**). (**B**) DIV7 CGNs were placed in media with or without different dosage of heroin for 24 h (a=normal medium, b=10 ug/ml, c=40 ug/ml, d=80 ug/ml, e=120 ug/ml), then neurons were assessed by Western Blotting using the indicated the adopt of p-c-jun, cytc, ATF3 and β-tubulin protein (**B2--B4**). (**C**) DIV7 CGNs were transferred to media containing 120 ug/ml heroin in the absence or presence of 10 um SP600125.After 24 h, neurons were assessed by PCR using the indicated Semi-quantitative (**C1**) and RT-PCR using the p-c-jun, cytc and β-actin were quantified (**C2--C4**). (**D**) DIV7 CGNs were transferred to media containing 120 ug/ml heroin in the absence or presence of 10 um SP600125. After 24 h, neurons were assessed by Western Blotting using the p-c-jun, cytc and β-tubulin protein were quantified (**D2--D4**).\* p\<0.05, \*\*p\<0.01.](medscimonitbasicres-21-53-g005){#f5-medscimonitbasicres-21-53}
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